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Abstract
Carbonates and evaporites of Paleogene age form the shallow-aquifer rocks mantling most of Qatar, including the Paleocene and
Lower Eocene Umm er Radhuma Formation and the Lower to Middle Eocene Rus and Dammam Formations. A core-based study
was carried out to improve general understanding of the stratigraphic controls on aquifer matrix properties in Qatar. A cumulative
total of 377 m of 10-cm-diameter core was recovered from three boreholes in central and northern Qatar, drilled to depths of greater
than 120 m. Sedimentological attributes of these rocks were investigated through core and thin-section description, X-ray diffrac-
tion-based mineralogical assessment, as well as whole-rock stable isotopic analysis and integrated with interpretation of gamma-ray
logs. Stratigraphic correlation of the penetrated intervals was then undertaken using sequence stratigraphic concepts and isotope
stratigraphy (δ13C trends) in the context of recently published regional paleomaps and structural studies. In the area of Qatar, the
Umm er Radhuma Formation and the overlying Traina Member of the Rus Formation were deposited in marine settings of two
different basins. These basins, which extended to the south and north of Qatar, respectively, are interpreted to have been separated by
a topographic high, the location of which was controlled by the presence of high-angle normal faults. The southern basin was more
restricted and was the site of extensive evaporite and clay-rich siliciclastic deposition during early stages of Rus Formation. Similar
evaporites and fine siliciclastic deposits are not observed in time-equivalent strata of the northern basin. During subsequent
deposition of the Al Khor Member of the Rus Formation, as well as the Dammam Formation, the basins appear to have been
interconnected, and fine-grained siliciclastic deposits are interbedded with, but subordinate to, carbonate strata across Qatar. Most
rocks recovered for this study are dolomitic, and dolomitic rocks free of other mineral phases tend to have significant porosity (20–
50%) and permeability (10–1000mD). Decreased connectivity, flow, and storage capacity are caused by (1) the presence of gypsum
beds and nodules (only southern Qatar, upper Umm er Radhuma Formation, and Rus Formation), (2) the presence of pore-occluding
clays (typically palygorskite) to varying degrees in all formations, and (3) the occurrence of diagenetic calcites, most commonly in
the Dammam Formation. Aquifer quality of the near-surface rocks of Qatar is in large part a function of their depositional history
and is to a degree predictable using reconstruction of basin architecture, as well as sequence stratigraphic concepts.
Keywords Qatar aquifer rocks . Matrix flow . Storage properties . Rus Formation . Dammam Formation . Umm Er Radhuma
Formation
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The depositional history of near-surface Qatar aquifer rocks
and its impact on matrix flow and storage properties
Introduction
The state of Qatar forms a peninsula protruding northward from
Saudi Arabia into the Arabian Gulf, a shallow foreland basin of
the Zagros Mountains (Fig. 1). The country is mantled by
Cenozoic rocks (Cavelier et al. 1970; Seltrust Engineering
Limited 1980) of mostly Eocene age (Rus and Dammam
Formations), with the less extensiveMiocene and Pliocene rocks
of the Dam and Hofuf Formations outcropping only along fault-
controlled jebels in southern Qatar (Figs. 2 and 3) (Rivers and
Larson 2018). The subsurface Umm er Radhuma Formation
(Paleocene-Eocene), which underlies the Rus Formation, does
not outcrop in Qatar but is an important near-surface aquifer
(Eccleston et al. 1981). Near the coast, the country is rimmed
by Pleistocene andHolocene rocks and sediments reflective of its
current arid setting, as a westward extension of the BGreat Pearl
Bank^ (Purser 1973).
Studies of the Eocene rocks of Qatar are numerous and focus
on hydrology (Eccleston et al. 1981; Baalousha 2016), diagene-
sis (Nasir et al. 2003; Holail et al. 2005), lithostratigraphy
(Cavelier et al. 1970; Abu-Zeid and Boukhary 1984; Abu-Zeid
1991; Boukhary and Alsharhan 1998; Dill et al. 2003; Al-Saad
2005), biostratigraphy (Boukhary et al. 2011), and structure
(Rivers and Larson 2018). Building on these studies, an effort
was undertaken to update the understanding of the near-surface
stratigraphy of Qatar in light of both the Rivers and Larson
(2018) structural study, as well as recently published regional
maps of Eocene depositional environments (Tai et al. 2016).
Rock cores were recovered from boreholes that penetrated the
upper ~ 120 m at three locations in central and northern Qatar
(Fig. 1). Detailed rock textural classification and fossil identifi-
cation, as well as measurements of mineralogical composition by
X-ray diffraction (XRD), were carried out on these cores. These
datasetswere used for classification of depositional facies, aswell
as lithostratigraphic interpretation. Rocks from the three bore-
holes were then correlated using gamma-ray (GR) logs and bulk
stable isotopic measurements, as well as sequence stratigraphic
concepts. Trends in measured rock porosity and rock permeabil-
ity (a property necessary for determining hydrologic conductiv-
ity) were also assessed in light of core location, lithostratigraphic
designation, and mineralogical makeup. The purpose of this
study was to improve the general understanding of Qatar aquifer
rocks and the depositional controls on aquifer quality with re-
spect to rock matrix flow and storage capacity.
Fig. 1 a Regional map showing the location of Qatar (GEBCO_08 Grid,
version 20100927). bMap of Qatar showing borehole locations as well as
outlining a V-shaped surface escarpment in central Qatar and V-shaped
outcrops of the Dam Formation in southwestern Qatar. (Satellite image
and hillshade supplied and used by permission of the Qatar Center for
Geographic Information Systems)
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Lithostratigraphic division
Based on published studies, the Paleogene rocks that comprise
the near-surface aquifers of Qatar consist of three formations: (1)
the Paleocene-Lower Eocene (Ypresian) Umm er Radhuma
Formation, (2) the Lower Eocene (Ypresian) Rus Formation,
and (3) the Middle Eocene (Lutetian/Bartonian) Dammam
Formation (Cavelier et al. 1970; Cavalier 1975; Eccleston et al.
1981; Boukhary and Alsharhan 1998; Al-Saad 2005; Boukhary
et al. 2011) (Figs. 2, 3, and 4). These formations are generally
flat-lying and locally dissected by high-angle normal faults
(Rivers and Larson 2018) (Fig. 3).
The Umm er Radhuma Formation does not outcrop in Qatar
but is an important aquifer with a thickness between 100 and
370 m (Eccleston et al. 1981; Boukhary et al. 2011). Published
lithological descriptions based on cuttings from Qatar boreholes
show that the formation consists of off-white dolomitic lime-
stones underlain by harder vesicular dolomite (Eccleston et al.
1981). Boukhary et al. (2011) studied foraminifera assemblages
of the Umm er Radhuma Formation from the Dukhan field
(western Qatar), where the formation thins to ~ 130 m. They
divided the formation into three members (A, B, C) and showed
that the Umm er Radhuma Formation yields a diverse assem-
blage of both planktonic and large benthic foraminifera,
Fig. 2 Surficial geological map of
Qatar after Cavelier (1970) and
Seltrust Engineering (1985). Line
of section is shown for Fig. 4 (E-
W) and Fig. 23 (N-S)
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reflecting open marine to sheltered lagoon depositional
environments.
Overlying the Umm er Radhuma Formation is the Rus
Formation, which is understood to vary in thickness across on-
shore Qatar between aminimum of 15m in the Dukhan area to a
maximum of 122 m in southwestern Qatar (Eccleston et al.
1981). The Rus Formation is generally considered to have been
deposited in shallower marine environments relative to the Umm
er Radhuma Formation (Eccleston et al. 1981). The depositional
facies of the Rus Formation varies from north to south across
Qatar, being segregated by a V-shaped escarpment apparent in
satellite imagery (Fig. 1) (Eccleston et al. 1981; Abu-Zeid 1991;
Al-Saad 2003). South of this escarpment, the Rus Formation
consists of meter-scale dolomite-gypsum-clay cycles (Traina
Member) interpreted to represent restricted lagoon to supratidal
settings (Abu-Zeid 1991; Al-Saad 2003). This passes upwards
into chalky dolomites and limestones with minor gypsum, marl,
and clay intercalations (Al Khor Member) interpreted to have
formed in more open marine settings (Al-Saad 2003). To the
north of the escarpment, the thick gypsum and clay beds of the
Traina Member are absent, and dolomitic limestone predomi-
nates, reflecting normal marine depositional conditions (Abu-
Zeid 1991).
The Dammam Formation outcrops across much of Qatar and
in northern Qatar varies in thickness between absence on the
Qatar arch (central Qatar) (Fig. 2) and ~ 40 m along the western
coast (Abu-Zeid 1991). The formation has been divided into five
members (Cavelier et al. 1970; Cavalier 1975; Al-Saad 2005)
including (1) the Rujm Aid Member (fossiliferous limestone,
formerly the Fhaihil Velates Member), (2) the Midra Shale
Member (argillaceous limestone), (3) the Alveolina Member
(formerly the DukhanMember, fossiliferous limestone with con-
spicuous Alveolina foraminifera, (4) the Umm Bab Member
(marly dolomitic limestone), and (5) the Abaruq Member (dolo-
mitic limestone). Commonly, not all members are present at one
location. For example, in north-central Qatar, Al-Saad (2005)
interprets the Dammam Formation to include the Midra Shale,
Alveolina, andUmmBabMembers (well B, their Fig. 2), where-
as Abu-Zeid (1991) interprets cores from the same area to only
include Umm Bab Member (wells p35 and p27, their Fig. 2). In
general, relative to the underlying Rus Formation, the Dammam
Formation is interpreted to represent a return to more open ma-
rine conditions (Eccleston et al. 1981; Al-Saad 2005).
Methodology
Rock cores (10-cm-diameter) were recovered from boreholes
located in central Qatar (borehole 1 to a depth of 134 m and
borehole 2 to a depth of 120 m) and northern Qatar (borehole 3
to a depth of 123m) (Fig. 1). Core recovery at all locationswas >
95% of rocks penetrated, but cores from boreholes 2 and 3, both
taken from within interpreted karst depressions (dolines), suf-
fered frompoor rock competency in several intervals. Cores from
competent intervals were split and 5-cm plugs extracted at ~
0.75 m intervals. The plugs were then measured for helium po-
rosity andKlinkenberg permeability (n= 317) (Appendix 1), and
a subset of these plugs were used for both bulk-mineral and clay-
mineral identification by XRD (n = 268). Powders taken from
selected core plugs were analyzed using standard powder XRD
techniques. Mineral percentages for each sample were quantified
using a proprietary approach at Core Laboratories. In all holes,
gamma-ray geophysical logs were run after core recovery.
The split cores and thin-sections were described using
Dunham’s texture scheme (Dunham 1962), and fossil assem-
blages, as well as sedimentary structures, were interpreted
(Table 1). Carbonate-rich samples were selected from the core
for carbon and oxygen stable isotopic analyses (n = 542)
(Appendix 2). Isotope measurements were performed at the
Center for Stable Isotope Biogeochemistry (CSIB), University
of California, Berkeley. Measurements were run on 10 to
100 μg sample weights of carbonate. Several replicates of one
Fig. 3 East-west geologic cross section of Qatar near-surface rocks (line location in Fig. 2) after Rivers and Larson (2018)
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international standard (NBS19) and two lab standards were mea-
sured with each run. The overall external analytical precision is
about ± 0.05‰ for δ13C and about ± 0.07‰ for δ18O. Carbon
and oxygen isotope compositions are reported in standard δ no-
tation (δ13C and δ18O) in units of per mil relative to Vienna
Peedee Belemnite (VPDB) standard. δ18O measurements for
silicates were run at Queen’s University Facility for Isotope
Research.
Results
Lithological description
Integrated descriptions (textures, fossils, and dolomite
crystal size) for cores from boreholes 1–3 are shown
in Figs. 5, 6, and 7, respectively, with accompanying
whole-rock-isotope and mineralogical data. Fossils could
only be identified in dolomitized rocks where crystal
sizes were small (< 20 μm) and where dolomite textures
mimicked that of the original limestone. BNon-mimetic^
dolomitic rock is of a type too coarse to discern original
allochem structures. Plug porosity and permeability data
are also displayed with depth, as is the gamma-ray well
log. Based on mineralogy, textures, allochems, and sed-
imentary structures, the rocks from each borehole can
be subdivided into several depth-delineated units of sim-
ilar character. Table 1 reviews the attributes of each
unit.
Borehole 1
Depth interval 134–69.8 m below surface Rocks consist of
light- to dark-brown fining-upward cycles of variable
thickness (Fig. 8a). Cycle bases are thick (meter-scale) do-
lomitic mud-lean packstones with a mottled appearance
(Fig. 8a-1), interpreted to be the result of the mixing of
mud-bearing and mud-free sediment by the action of
burrowing organisms. In some instances, the cycle bases
are floored by what appears to have been a coarse lag
deposit (Fig. 8a-3). Cycles caps are centi- to decimeter-
scale thin-bedded or laminated dolomitic wackestones or
mudstones (Fig. 8a-2). The dolomite in cycle caps is fine-
ly-crystalline, and commonly, palygorskite clay is ob-
served as a secondary mineral (Fig. 8b). Cycle bases are
more coarsely crystalline and clay-free (Fig. 8c).
The presence of replacive (and minor displacive)
gypsum nodules (Fig. 8d), ranging from millimeter-
scale to the width of the core increases upwards from
absence below 96.0 m below surface (mbs) to abundant
near the top of the interval. Generally, identifiable
allochems were obliterated in this interval by dolomiti-
zation, but dasyclad green algae and large benthic fora-
minifera can uncommonly be observed in thin section.
In one ~ 20-cm-thick silicified interval at 127.0 mbs,
fossils are better preserved (Fig. 9a–d). Identifiable
allochems include large benthic foraminifers, most com-
mon ly Nummu l i t e s bu t a l s o Lockha r t i a s p . ,
Fig. 4 Stratigraphic column for the near-surface rocks of Qatar (Cavelier,
1970, Boukhary and Alsharhan 1998; Al Saad and Ibrahim, 2002; Al-
Saad 2005). Stratigraphic interval studied for this report is indicated by
the vertical black bar on the right. Stratigraphic position of Arabian Plate
maximum flooding surfaces Pg10 and Pg20 of Sharland et al. (2001)
shown on the right
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Opertorbitolites sp., Miscellanea sp., Alveolina sp.,
Cribrobulimina sp., and Pseudolituonella sp. Small ben-
thic foraminifers (miliolid and textularid types),
dasyclad green algae (Cymopolia kurdistanensis sp.), as
well as echinoid spines and plates, sponge spicules, and
dasyclad algae are also observed (Table 1).
Depth interval 69.8–61.3 mbs Rocks are off-white
(Fig. 10), a significantly lighter hue than those below.
Cyclicity is difficult to identify largely due to distur-
bance by intense gypsum-nodule-growth. Pervasive do-
lomitization is, in part, mimetic so that textures are
more easily interpreted and allochems identifiable.
Textures appear to fine upward from packstones be-
tween 70.0 and 66. mbs, to wackestones between
66.0 and 61.0 mbs (Fig. 5). These rocks are commonly
laminated, and both straight and crinkled laminations
are observed (Fig. 10a). Allochems consist of small
benthic foraminifers, including miliolids, Rotalia sp.,
Bolivina sp., Praerhapydionina sp., and Coskinolina
sp . , a s wel l as smal l b iva lves and os t racods
(Fig. 10b). The interval is capped by a breccia at
61.3 mbs overlain by a sharp erosion surface that
cross-cuts the breccia (Fig. 10c).
Depth interval 61.3–29.4 mbsMeter-scale cycles are appar-
ent, with bases composed of off-white finely crystalline
mimetic dolomite, overlain by bedded gypsum, and
capped by green palygorskite clay beds (Fig. 11a).
Skeletal grains apparent in the dolomitized sections are
similar to those of the underlying interval, including the
small benthic foraminifera Rotalia sp., and as Clavulina
sp., as well as miliolid types. Ostracods and echinoderm
plates are also observed. High-abundance, low-diversity
assemblages are noted, including miliolid dolo-
grainstones (as intraclasts) (Fig. 11b). In some parts of
this interval, gypsum is interbedded with stingers of
dolomite mudstone. More commonly, gypsum deposits
are several meters thick, display radiating crystals
(Fig. 11c), and infrequently include anhydritic layers.
Some palygorskite beds include root traces, and capping
surfaces are commonly erosional or bored. The top of
this interval consists of a ~ 3-m-thick clay deposit that
alternates between green (palygorskite-rich) and red/
brown (illite-rich) beds, with crinkly lamination ob-
served in thin section (Fig. 11d).
Depth interval 29.4–14.6 mbs Decimeter- to meter-thick
coarsely crystalline vuggy cream- to gray-colored calcite
beds are prominent, particularly below 22.4 mbs, and
found in association with thin, root-trace-bearing
palygorskite and illite clay deposits (Fig. 12a).
Microcodium textures are commonly observed in thin
sections of the crystalline limestone beds (Fig. 12b).
Above 22.4 mbs, rocks return to white dolomitic mud-
stones, wackestones, and packstones rich in peloids,
small benthic foraminifers (miliolids), and small mol-
luscs. At the top of the interval, a coarsely crystalline
limestone is observed with a thin cap of clay-rich rock-
bearing root traces.
Depth interval 14.6–0 mbs With the exception of a thin
interval of clay-rich dolomitic rock between 13.7 and
12.6, these rocks are composed of cream-colored and
Fe-oxide-stained lime wackestones and packstones, with
rare intervals of coarse crystalline limestone. The skele-
tal assemblage is diverse (Fig. 12c), including large
benthic foraminifers (Rotalia trochidiformis sp . ,
Heterostegina sp., Nummulites sp., Daviesina sp.,
Opersul ina sp. , Alveol ina sp . , Eoruper t ia sp . ,
Linderina sp., Coskinolina sp., Pseudolituonella sp.,
Orbitolites sp.), small miliolids, planktonic foraminifers,
as well as small molluscs, echinoid spines, dasyclad
green algae, and other more minor constituents
(Table 1). Centimeter-scale concretions are observed in
the limestones of this interval (Fig. 12d). Particularly
above 7.5 mbs, the rocks are brecciated and karstified.
Borehole 2
Depth interval 120–105.4 mbs This interval includes very
dark-grey, light-grey, or brown bioturbated dolo-packstones
and mud-lean packstones. Almost all dolomite is obliterative,
but where allochems ghosts are identifiable, they include large
benthic (Nummulites sp.) foraminifers (Fig. 13a) as well as
dasyclad green algae, echinoderm fragments, and molluscs.
Rocks were largely broken and disturbed during recovery
masking possible cyclicity. The interval is capped by a thin
breccia with associated diffuse silica cements directly below
(Fig. 13b).
Depth interval 105.4–73.2 mbs This interval includes both
rocks and sediments. Sediments are poorly-sorted sands
composed of crystalline dolomite grains, with dolomitic
clasts (up to cobble size) in float (Fig. 13c). Decimeter-
thick layers of dolomitic rocks are observed within the
succession of dolomitic sediment, some of which dis-
play horizontal lamination indicating they are not rotat-
ed (Fig. 13d). Rock-dominated intervals are meter-scale
dolomitic light- to dark-brown mottled packstones, com-
monly interpreted as mud-lean, with prominent burrow
structures that are intercalated with centimeter-scale lam-
inated or burrowed wackestones and mudstones.
Dolomitization is mostly obliterative, masking the orig-
inal fossil assemblage. Bivalve molds and sparse large
benthic-foraminifers and dasyclad green-algae ghosts
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were tentatively identified. Notably, a 3-cm-thick chert
bed is conspicuous at a depth of 88.3 mbs (Fig. 13e). In
the upper ~ 10 m of the interval, centimeter-thick con-
centrations of disseminated calcite crystals are irregular-
ly observed in the dolomitic rocks.
Depth interval 73.2–62.4 mbs Similar to the interval im-
mediately below (105.4–73.2 mbs), both dolomitic sed-
iments and rocks are observed in this interval. The
sediment is mostly composed of fine sand-sized crys-
ta l l ine dolomite grains. Li thif ied intervals are
interpreted as dolomitic wackestones and mudstones
that in some cases appear to have been brecciated by
synsedimentary reworking. Allochem ghosts are rare,
mostly dasyclad green algae. A marked difference in
this interval relative to the underlying interval is that
the rocks and sediments are lighter in color (a lighter
hue of brown). Course crystalline calcite becomes an
important phase toward the top of the interval, which
is marked by a brecciated and fractured surface
(Fig. 14a).
Depth interval 62.4–39.0 mbs Deposits are off-white,
mostly-pure dolomite with minor disseminated chert
and calcite crystals. Between 62.4 and 46.0 mbs, fine
sands composed of dolomite crystals are interbedded
with rubble comprised of dolomitic rocks. Intact mud-
stones intercalated with centimeter-thick wackestones
or packstones are observed above this depth. Rocks
display burrows with coarsely dolomitized fill in these
overa l l f ine ly-c rys ta l l ized deposi ts . These are
interpreted to represent grain-filled burrows in mud-
dominated sediment (Fig. 14b). Other sedimentary
structures are mostly absent, and allochem ghosts are
limited to a rare dasyclad green algae in these
obliteratively-dolomitized deposits.
Depth interval 39.0–14.6 mbs Off-white dolomitic mud-
stones, wackestones, and packstones are observed to
be intercalated with decimeter-thick beds of palygorskite
clay and intermittent crystalline limestone. Dolomitic
rocks are variably bioturbated or laminated and, along
with palygorskite beds, appear to have been disturbed
by synsedimentary reworking and brecciation (Fig. 14c).
Mud cracks are also interpreted in this interval
(Fig. 14d). Dolomite remains largely obliterative, but
miliolid foraminifers are observed in some thin sections.
Depth interval 14.6–0 mbs This interval includes highly
karstified and recrystallized limestones with minor dolo-
mitic intervals. Dolomitic intervals are associated with
centimeter-thick layers of palygorskite, and ghosts of
allochems are not apparent. Nummulites-rich packstone
is observed between 13.5 and 12.0 mbs. Limestones
between 12.0 and 8.0 mbs are mostly non-mimetically
recrystallized and bear large vugs filled with white
palygorskite clay (Fig. 14e). Limestones above
8.0 mbs show a more diverse assemblage including
the large benthic foraminifers Nummulites, Alveolina
sp., Lockhartia sp., Linderina sp., and Coskinolina sp.
Other allochems include small benthic foraminifers,
small bivalves, gastropods, echinoid spines, and
dasyclad green algae.
Borehole 3
Depth interval 122.2–99.7 mbs Rocks are light- to dark-
gray or light-brown meter-scale beds of bioturbated do-
lomitic mud-lean packstones typically capped by
centimeter-thick dolomitic packstones and wackestones.
Mollusc molds are apparent in some sections of core
(Fig. 15a). In thin section, dolomite is commonly oblit-
erative, but where allochems are identifiable, they in-
clude molluscs, as well as small benthic and planktonic
foraminifers, and dasyclad green algae (Fig. 15b, c).
The top of the interval is represented by a conspicuous
20-cm-thick, black, brecciated dolomitic rock.
Depth interval 99.7–60.2 mbs Light-brown dolomitic rocks
and sediments typify this interval. The dolomite below
90.6 mbs is lithified, displays evidence of bioturbation
from the precursor limestone, and is tentatively
interpreted as mud-lean packstone. Much of the recov-
ered rock in this interval was poorly lithified. Between
90.6 and 74.2, fine sand and silt composed of dolomite
crystals were recovered (Fig. 15d). Undisturbed rocks
are again observed above this interval and consist most-
ly of bioturbated dolomitic packstones and wackestones.
Notably a 10-cm-thick band of silicified rock is ob-
served at 71.35. Sparse ghosts of dasyclad green algae
are apparent in thin section, and rare molds of large
benthic foraminifers and bivalves have been tentatively
identified (Fig. 15e). The uppermost 10 m of the inter-
val includes sparse centimeter-scale beds of crystalline
calcite. Palygorskite clay is a common secondary min-
eral. The interval is capped by a 2-cm-thick palygorskite
clay deposit.
Arab J Geosci (2019) 12: 380 Page 11 of 33 380
Fig. 5 Borehole 1 core description integrating whole-rock stable isotope
composition (δ18O and δ13C), down-hole gamma-ray (GR), rock texture,
fossil assemblage, dolomite crystal size, XRD-based mineralogical
composition, formation, and member boundary interpretation,
depositional facies interpretation, as well as plug porosity and
permeability measurements
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Depth interval 60.2–51.0 mbs Rocks of this interval are nota-
bly lighter in color than those below. These very-light-brown
rocks consist of non-mimetic dolomite. Rocks are interpreted
to mostly represent bioturbated packstones and with infre-
quent lamination. Dasyclad green algae are recognizable
allochems, and molds of small benthic foraminifers and mol-
luscs are tentatively identified. The interval is capped by a
fractured and brecciated rock with associated crystalline cal-
cite (Fig. 15f).
Depth interval 51.0–26.5 mbs This interval is made of
white to l ight-brown dolomite packstones and
wackestones displaying burrow features, wavy-to-
straight lamination, and possible ripples. Recovered
rocks were significantly disturbed, hampering character-
ization. Palygorskite is observed to increase from mostly
absent at the base of the interval to a common second-
ary mineral at the top. Dolomitization is mostly non-
mimetic, and allochems are only sparsely recognizable.
The large benthic foraminifer Nummulites was recog-
nized in one thin section (46.2 mbs), but more com-
monly small benthic foraminifers (miliolid and Rotalia
sp.) and small bivalve and gastropod molds were iden-
tified (Fig. 16a).
Depth interval 26.5–7.7 mbs Off-white and intermittently
red-stained bioturbated dolomitic wackestones, mud-
stones, and minor packstone intervals are interbedded
with centimeter-scale palygorskite/illite clay deposits
and two notable crystalline limestone beds. Dolomitic
and clay-rich rocks are sporadically laminated and in-
clude abundant erosive surfaces, sparse mud cracks,
and common mud clasts (Fig. 16b). Allochems include
small benthic foraminifera (miliolids and rotalid species)
and mollusc molds (Fig. 16c). Vugs in dolomitic rocks
are commonly lined with clays (16 days). Crystalline
limestones include microcodium textures, whereas evi-
dence of original allochems has been diagenetically
obliterated (Fig. 16e).
Depth interval 7.7–0 mbs This is composed of cream-col-
ored, brown-stained limestones and dolostones
displaying significant recrystallization and karst-related
brecciation. Original rock fabric is mostly obliterated,
but the presence of Nummulitic packstone is observed
and includes lesser numbers of Alveol ina and
Coskinolina sp. foraminifera (Fig. 16f), green algae,
and molluscs. Palygorskite is a secondary mineral filling
karst-related vug.
Bulk stable isotope measurements
Bulk (i.e., whole rock) stable isotopic measurements
(δ13C and δ18O) of carbonate rock samples from bore-
holes 1 (n = 163), 2 (n = 229), and 3 (n = 147) are plot-
ted separately by depth in Figs. 5, 6, and 7 and cross-
plotted as a function of (a) geologic formation and (b)
carbonate mineralogy in Fig. 17. As a set, the δ18O
values of rock samples from these strata vary between
− 12‰ and + 2‰, and similarly, the δ13C values vary
between − 10‰ and + 2‰. The δ13C and δ18O values
of rocks from the three boreholes generally overly each
other (Fig. 17a), whereas the three formations show dis-
tinct stable isotopic ranges. Rocks from the Umm er
Radhuma (UER) Formation predominantly fall between
− 2‰ and + 2‰ for both δ13C and δ18O. Rocks of the
Rus Formation typically have δ18O values similar to the
underlying UER Formation, whereas δ13C values range
between − 10‰ and 0‰. With only a few exceptions,
rocks of the Dammam Formation show δ18O values be-
tween − 12‰ and − 6‰ and invariably have δ13C
values of less than − 3‰. When plotted by dominant
minera logy, more dis t inc t t rends are apparent
(Fig. 17b). Calcitic rocks plot along a trend between
− 12‰ and − 5‰ for δ18O and − 9‰ and − 4‰ for
δ13C. Dolomitic rocks have higher δ18O values (− 4‰
to + 2‰) and more variable δ13C values (− 10‰ to +
2‰). δ18O of silica from silicified carbonate rocks of
borehole 1 and borehole 3 were also measured (n = 4)
(Appendix 2). δ18O values varied between − 2.2‰ and
− 11.7‰.
Interpretation
Depositional facies and environments
Based on skeletal assemblage, as well as depositional textures,
structures, and mineralogy, five depositional facies associa-
tions (FA) have been delineated in the three cores recovered
for this study. One diagenetic facies association (DA) was also
observed. The environments in which the FAs and DA formed
are interpreted below.
FA1Coarsely crystalline, nearly pure, meter-scale beds of gyp-
sum (and minor anhydrite) displaying relict structures of radi-
ating crystal fabric (Fig. 11a-3, c).
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Fig. 6 Borehole 2 core description integrating whole-rock stable isotope
composition (δ18O and δ13C), down-hole gamma-ray (GR), rock texture,
fossil assemblage, dolomite crystal size, XRD-based mineralogical
composition, formation, and member boundary interpretation,
depositional facies interpretation, as well as plug porosity and
permeability measurements
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Interpretation Lack of associated carbonate or siliciclastic
Bhost^ sediment indicates these are not sabkha evaporites
(e.g., Strohmenger and Jameson 2014). Radiating crystal fab-
ric indicates nucleation from a substrate, likely in shallow
water (Warren 2016). Therefore, rocks FA1 are interpreted
as subaqueous salina deposits.
FA2 These are mud-rich, fossil-poor, straight, and crinkly
laminated, white dolomitic rocks, as well as green clay-
rich rocks with red staining (Figs. 10a, 11a-1, 14c, and
16b). Algal mat structures are interpreted in thin sec-
tions of these rocks (Fig. 11d), and mud cracks are
found in association (Fig. 14d). Rocks of this facies
commonly show evidence of early post-depositional
reworking and erosion (Fig. 14c and 16b). Rocks of this
facies are frequently intercalated with those of FA1 (on-
ly in borehole 1) and FA3.
Interpretation Both the presence of interpreted algal mat
structures and mud cracks point to formation in intertidal
Fig. 8 Images of core from borehole 1. a Interval between 124.1 and
123.8. Meter-scale cycles at this depth consist mostly of (1) bioturbated
coarsely-crystalline dolostones (interpreted mud-lean packstones) and are
typically capped by (2) laminated dolo-wackestones or dolo-mudstones.
In some cases, cycle bases show (3) skeletal or intraclast-dominated lags
resting directly on underlying cycle caps. b Thin section of typical cycle
cap (122.94 mbs) with finer dolomite crystals with pore-occluding green/
brown palygorskite clays (porosity 42.9% and permeability 109 mD). c
Thin section of typical cycle base (124.13 mbs) with coarse, clay-free
dolomite crystals (porosity 24.4% and permeability 196 mD). d
Displacive gypsum nodules from 89.6 mbs
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Fig. 7 Borehole 3 core description integrating whole-rock stable isotope
composition (δ18O and δ13C), down-hole gamma-ray (GR), rock texture,
fossil assemblage, dolomite crystal size, XRD-based mineralogical
composition, formation, and member boundary interpretation,
depositional facies interpretation, as well as plug porosity and
permeability measurements
settings, where laminated sediments are commonly reworked
by storms or overprinted by soil-forming processes during
exposure (Ebanks and Bubb 1975; Shinn 1983; Pratt and
James 1986). Clay-rich intervals observed in this association
indicate periodic input of fine, land-derived sediment. Rocks
of FA2 are therefore interpreted to represent a low-energy tidal
flat environment.
FA3 These are off-white, bioturbated, and uncommonly rip-
pled dolomitic mudstones, wackestones, and packstones rich
in small benthic foraminifera (miliolid and rotalid), and in-
cluding ostracods, as well as small bivalves (Figs. 10b, 11b,
14b, and 16a, c).
Interpretation Low-diversity miliolid-rich assemblages in
Paleogene rocks indicate hypersaline or nutrient-rich
shallow-water environments within the upper photic
zone, where these forms might be associated with algal
growth (Geel 2000; Zamagni et al. 2008; Abdel-Fattah
et al. 2013; Sarkar 2017). The intercalation of rocks of
this facies and those of FA2 would seem to support this
association. The light color of these rocks and the ubiq-
uitous presence of diverse burrow features point to well-
oxidized pore water conditions. The generally muddy
nature of the deposits indicates a lower-energy setting.
A shallow, well-lit, but somewhat restricted setting is
inferred. In sum, evidence leads to the interpretation of
a protected interior ramp or shallow subtidal lagoon
setting.
FA4 These are light- to dark-gray bioturbated dolomitic mud-
lean packstones with subordinate muddier rocks. These de-
posits are rich in large (centimeter-scale) bivalves and gastro-
pods (Fig. 15a). A variety of small foraminifera (miliolid,
textularid, rotalid, and agglutinated) and rare planktonic fora-
minifers are observed, as well as dasyclad green algae
(Fig. 15a–c).
Interpretation The diversity of the assemblage indicates a
normal marine deposit within the photic zone. The
grain-dominated nature of the rocks points to more en-
ergetic settings. FA4 is interpreted as an open shallow
subtidal inner ramp setting (e.g., a more energetic
equivalent to the Bless-restricted lagoon^ of Abdel-
Fattah et al. 2013).
FA5 These are light- to dark-brown bioturbated dolomitic
packstones rich in large benthic foraminifera including
species of Nummulites, Lockhartia, and, less commonly,
Alveolina. Echinoderms, dasyclad green algae, coral
fragments, and both planktonic and small benthic fora-
minifera are also observed in rocks of this association
(Figs. 9, 12c, 15e, and 16f).
Interpretation Both fossil diversity as well as ubiquitous
bioturbation indicate normal marine waters and oxygen-
ated pore waters. The consistent presence of mud points
to environments commonly below normal wave base.
The association of nummulitids and alveolinids has been
Fig. 9 Plane-polarized (a, c) and cross-polarized (b, d) thin-section
images of silicified rocks from borehole 1 at 127.6 mbs. Fossils include
a large benthic foraminifera Lockhartia sp. (LCK), Pseudolituonella sp.
(PLT), Nummulites (N), Miscellanea sp. (MSC), b large benthic
foraminifera Alveolina sp. (AV), as well as Dasyclad green algae
Cymopolia kurdistanensis (CK), c large benthic foraminifera
Cribrobulimina sp. (CB) and the small benthic miliolid (ML)
foraminifera, and d large benthic foraminifera Opertorbitolites sp. (OP)
as well as Dasyclad green algae Cymopolia kurdistanensis (CK)
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observed previously in Middle Eocene rocks and
interpreted to have formed in mid-ramp settings (Van
Gorsel 1988), perhaps with lower-energy and reduced
light conditions (Sarkar 2017).
DA1 These are gray, highly recrystallized limestones
displaying a fabr ic of a l igned calc i t ic pr isms
(microcodium) and vugs lined with clay (Figs. 12b
and 16e).
Interpretation Microcodium (Esteban and Klappa 1983) is
indicative of alteration in well-drained semi-arid soils
(Kabanov et al. 2008). Other indications of soil formation
include root traces and palygorskite argillans (clay skins)
(16d) that are also indicative of well-drained soils (Retallack
2001). Therefore, rocks of DA1 are interpreted to be
paleosols.
Lithostratigraphic correlation
Three formations majoritively form the near-surface
aquifer rocks of Qatar: the Umm er Radhuma
Formation, the Rus Formation, and the Dammam
Formation (Cavelier et al. 1970; Abu-Zeid and
Boukhary 1984; Abu-Zeid 1991; Boukhary and
Alsharhan 1998; Al-Saad 2003; Dill et al. 2003; Al-
Saad 2005). In southern Qatar, the base of the Rus
Formation is marked by the first presence of bedded
gypsum (Al-Saad 2003), corresponding to a depth
61.2 mbs at the borehole 1 location, where a
centimeter-thick gypsum bed is observed (Fig. 5). Ten
centimeters below the gypsum bed is a brecciated rock
overlain by a prominent erosion surface, which cross-cut
grain boundaries (Fig. 10c). This disconformity is
interpreted to represent the contact between the UER
Fig. 10 Images of core from
borehole 1. a Crinkly laminations
observed at 66.7 mbs. b
Mimetically dolomitized rock
from 65.8 mbs showing small
miliolid (ML) and Rotalia sp.
(RT) foraminifera, as well as
ostracods (OST). c Breccia with a
gypsum matrix (GY) at 61.3 mbs
overlain by an erosion surface
(red arrow) that cuts across grain
boundaries
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and the Rus Formations. It is associated with a local
gamma-ray peak that can be correlated to a similar peak
in borehole 2 at a nearly identical depth (62.4 mbs)
where a breccia is also tentatively identified (Fig. 14a)
and across which rock textures transition from
wackestones to mudstones (Fig. 6). Correlation of the
contac t between the UER Format ion and Rus
Formation to borehole 3 is less certain, as the gamma-
ray log from this borehole remains mostly low. The
correlative boundary was chosen at 51 mbs, where a
fractured and brecciated surface is observed (Fig. 15f),
across which textures generally fine from mostly
packstones to wackestones and mudstones.
The format ional boundary between the Rus
Formation and the overlying Dammam Formation is
marked by a change from dolomitic limestones rich
in algae and small benthic foraminifers to shaly and
foss i l i fe rous l imes tones r ich in la rge benth ic
foraminifera including Nummulites and Alveolina types
(Dill et al. 2003; Al-Saad 2005). This transition is
conspicuous in all cores, as fossil remains are well-
preserved at this boundary. In borehole 1, the first
nummulitic limestones are observed at 14.6 mbs, the
underlying rock being recrystal l ized l imestone
interpreted as a paleosol (DA1) and as representing a
significant exposure event (Fig. 5). Similar transitions
are recognized in borehole 2 at 14.6 mbs and borehole
3 at 7.7 mbs (Figs. 6 and 7).
Lithostratigraphic division of the UER in Qatar has
only been undertaken in the area of the Dukhan
antiform, where Boukhary et al. (2011) divided the for-
mation into three members: (A) shaly marl, (B) marls
and limestones, and (C) chert-bearing limestones and, in
their most eastward well (their well E), 60 m of dolo-
mitic rocks with evaporites in the upper ~ 15 m. UER
Member C is described as being rich in a diverse
Fig. 11 Images of core from
borehole 1. a Core photo from
44.7 mbs showing (1) green,
palygorskite-rich clay (cycle cap).
The top of this clay unit is bored,
indicating the presence of a
firm/hard-ground, and the boring
is infilled with (2) overlying
dolomite packstone, representing
a cycle base. The packstone
passes into (3) a bedded gypsum
interval. b Thin section image of a
dolo-packstone intraclast which
has a grainstone texture from
42.73mbs showing small miliolid
(ML) and Clavulina sp. (CV)
foraminifera. c Thin-section
image of gypsum bed from
32.53 mbs showing relict
radiating crystal habit. d Thin-
section image of a clay-rich rock
from 31.0 mbs. Crinkled
laminations are interpreted to
represent a disturbed algal mat
(AM) structure, which is
interbedded with a clay and fine
dolomite matrix that bears mud
clasts
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assemblage of large benthic foraminifera, particularly
various Lockhartia, which are also identified amongst
the diverse assemblage of large benthic foraminifera ob-
served in a thin, silicified interval of the UER in bore-
hole 1 (Fig. 9). Although rocks of the UER Formation
in all three boreholes are almost entirely formed of
fossil-obliterative dolomite, these rocks are interpreted
to be correlative to those of the UER Member C of
Boukhary et al. (2011). This correlation is based on
their common stratigraphic position immediately below
the Rus, as well as the similar presence of replacive
gypsum nodules toward the top of the interval (Figs. 5
and 8d).
The Rus Formation is divided into two members, the
Traina and Al Khor (Al-Saad 2003). The Traina
Member is designated as being gypsum-bearing, where-
as the overlying Al Khor Member is dolomitic lime-
stone. Using this designation, the Traina Member is
recognized between 61.2 and 31.2 mbs in borehole 1
(Fig. 5), with the Al Khor Member being represented
by the remaining Rus Formation above, including inter-
bedded limestones, dolostones, and clay-rich rocks.
Thickly-bedded gypsum in the Rus Formation is only
found south, east, and west of a prominent northward-
opening Bv^-shaped escarpment (Fig. 1) (Eccleston et al.
1981). Cores from boreholes 2 and 3 were recovered
north of the escarpment, where gypsum is absent, and
so a different designation is required for the Traina
equivalent in this region. Both Abu-Zeid (1991) and
Boukhary and Alsharhan (1998) recognized three mem-
bers of the Rus Formation in northern Qatar. Using
Abu-Zeid’s informal names, they include Member A, a
Bgypsiferous^ facies; Member B, white dolomitic lime-
stones; and Member C, gray chalky limestones interbed-
ded with white dolomitic marls and green claystones.
Member A, however, was only found to be Bdominantly
Fig. 12 Images of core from
borehole 1. a-1 Coarse,
crystalline calcite overlain by (a-
2) a green clay-rich interval and
(a-3) a red clay-rich interval
between 24 and 23 mbs. The red
clay-rich deposit is overlain by (a-
4) dolomitic rocks with peloids
and small benthic foraminifers. b
Diagenetic calcite crystals
(microcodium textures) at 24.1
with inter-crystalline clay. Both
radiating prisms (R) and basal
sections (B) of microcodium are
apparent. Compare with Esteban
and Klappa (1983), their Fig. 69.
c Packstone with Alveolina sp.
(AV), Nummulites sp. (N), and
Rotalia sp. (RT) from 14.49 mbs.
d Centimeter-scale concretions
observed at a depth of 9 mbs (red
arrows)
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gypsiferous^ in northwestern Qatar, west of the escarp-
ment, and so is equivalent to the Traina Member de-
scribed above. Bulk-rock XRD analyses from of rocks
from boreholes 2 and 3 (Appendix 1) indicate no gyp-
sum is found in either core in any of the penetrated
formations. Therefore, in cores 2 and 3, and north of
the escarpment in general, Abu-Zeid’s (1991) Member B
(white dolomitic rocks) is likely time-equivalent to the
Traina Member south of the escarpment, whereas rocks
of Member C (limestones interbedded with dolomites
and claystones) are equivalent to the Al Khor Member.
This designation is useful in that, north of the escarp-
ment, the transition from the Traina Member to the Al
Khor Member can clearly be picked based on gamma-
ray log, with the Al Khor Member showing generally
higher readings and greater variability (Figs. 6 and 7),
reflecting the presence of illitic clays. The transition
from the Traina to the Al Khor Member in boreholes
2 and 3 is picked at the first bedded clay deposit (39.5
and 26.0 mbs, respectively).
The Dammam Formation, with its extensive exposure
across Qatar, has been divided into several members
(Cavelier et al. 1970; Cavalier 1975; Al-Saad 2005)
(Fig. 18a). The lowest member, the meter-thick, fossil-
iferous, Rujm Aid Member, is only observed in bore-
hole 1 (13.6–14.6 mbs) and is disconformably (based on
the karstified surface observed at the contact (Fig. 18b))
overlain by the Midra Shale. The Midra Shale is com-
posed of two distinctive beds (Al-Saad 2005) of brown-
flecked white carbonate rock (Fig. 18c) or claystone
with wavy lamination (Fig. 18d) separated by a thin
white bed of more pure carbonate (located at a depth
of 12.5 in Fig. 18a). The mineralogy of the Midra Shale
Member is mixed, and at the Borehole 1, location in-
cludes a dolomitic lower bed and calcitic upper bed,
both of which bear signif icant percentages of
palygorskite clays (Fig. 5). The Midra Shale is only
observed in boreholes 1 (10.8–13.65 mbs) and 2
(13.7–14.6 mbs) and in both locations is capped by
the Alveolina Member (Fig. 18d), which is thin (~
0.5 m) but bears conspicuous Alveolina benthic forami-
nifera. Similar to the Rujm Aid/Midra contact, the con-
tact between the Midra Shale Member and the Alveolina
L ime s t o n e Membe r i s e r o s i v e a n d a p p e a r s
Fig. 13 Images of core from
borehole 2. a Ghosts of
Nummulites foraminifera in
dolomitized rocks from 117 mbs
(red arrows). b Interpreted
synsedimentary breccia at
105.4 mbs. c Sediments in core at
a depth of 99.0 mbs. d Intact rock
within interval dominated by
dolomitic sediment displaying
horizontal lamination. e Chert-
replaced interval in dolomitic
sediment at 88.3 mbs
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disconformable (Fig. 18d). Finally, the Umm Bab is the
capping Dammam Formation Member in all three bore-
holes. In boreholes 1 and 2, it is observed above the
Alveolina Member at depths of 10.6 and 13.5 mbs, re-
spectively, and in borehole 3 resting disconformably on
the Rus Formation at 7.7 mbs. The Umm Bab Member
in all locations bears a significant percentage of clay
(commonly greater than 20%) and is otherwise lime-
stone in boreholes 1 and 2 but partially dolomitized in
borehole 3 (Figs. 5, 6, and 7). The chert-bearing Abaruq
Member is not recognized in any of the boreholes, be-
ing confined to outcrops in western Qatar (Al-Saad
2005).
Stable isotopes
The range of δ18O and δ13C values for bulk carbonate
samples in this study is comparable to those reported
for the BUpper Dammam^ Formation by Holail et al.
(2005) for samples from drill wells in SE Qatar
(Fig. 17a). In the Holail et al. (2005) study, δ18O values
for dolomitic samples ranged between 0‰ and + 3‰,
whereas δ13C values were more variable and formed
distinct groups including Btype 1 dolomite^ between −
6‰ and − 10‰ and Btype 2 dolomite^ between 0‰ and
− 4‰. Similar to calcitic rocks from this study, calcite
cements reported by Holail et al. (2005) had more neg-
ative and variable δ18O values (− 10‰ to − 5‰) but
δ13C values similar to the accompanying dolomites (−
2‰ to − 8‰).
With respect to stable isotopic composition, type 2
dolomite of Holail et al. (2005) is similar to both the
dolomite of the UER Formation in general and in bore-
holes 2 and 3 that of the lower portion of the Rus
Formation in this study (Figs. 6, 7, and 17a). Holail
et al. (2005) interpreted such dolomite with relatively
high δ18O and δ13C values to be reflective of dolomiti-
zation involving Bnormal^ oxygenated marine water. The
δ18O-δ13C field for UER and lower Rus Formation
dolomites from this study approach those reported by
Saller (1984) for Eocene-age rocks interpreted to have
been dolomitized in Bnormal marine^ waters of the
Enewetak Atoll during the Miocene (Fig. 17), supporting
the Holail et al. (2005) interpretation.
Holail et al. (2005) interpreted dolomite with relative-
ly high δ18O but lower δ13C values (their type 1 dolo-
mite) to be reflective of dolomitization involving marine
water undergoing sulfate reduction, with more negative
carbon being supplied to dolomitizing waters by
degrading organic matter in the sediment. Dolomites
Fig. 14 Images of core from
borehole 2. a Interpreted
synsedimentary breccia at
62.4 mbs. b Dolomitic mudstone
at 49.0 mbs with more coarsely
dolomitized burrow structures
(arrows). c Reworked laminated
deposits rich in dolomite (white)
and illitic clay (green) at 34 mbs.
d Interpreted mud cracks (arrow)
in dolomitic mudstones at
18 mbs. e Recrystallized
limestones at 10 mbs with large
vugs filled by white palygorskite
clay
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with similar isotopic ranges from this study are found
mostly in the Rus Formation but also in the Dammam
Formation (Fig. 17a). Whereas the Holail et al. (2005)
interpretation cannot by completely discounted based on
this study, in samples from all boreholes, the δ13C
values of dolomite in the Rus Formation decrease up-
ward to minimums below interpreted long-term meteoric
exposure surfaces (facies DA1). It is therefore
interpreted that the more negative carbon in these dolo-
mites are reflective of the incorporation of CO2 associ-
ated with the degradation of organic matter in soils. The
δ18O values in these dolomites are similar to those
interpreted to have formed in normal marine waters
(UER dolomites). Therefore, seawater incorporating
soil-derived organic carbon may have been the
dolomitizing solution. That stated, more recent resetting
of the oxygen isotopic composi t ion cannot be
discounted.
Finally, Holail et al. (2005) interpreted the calcitic
cements from their study to have formed from meteoric
waters during exposure by lowering sea level. The com-
mon association of calcitic rocks in this study with
interpreted exposure surfaces supports this interpretation
(Figs. 5, 6, and 7). As with the dolomitic rocks in the
upper Rus Formation, the more negative carbon in the
calcitic rocks is likely supplied through the degradation
of soil-derived organic matter. A negative shift in the
δ13C of carbonate rocks is a common effect of meteoric
exposure (James and Choquette 1990). The low δ18O
values for the calcitic rocks are not reflective of those
of recent meteoric waters, which generally fall between
− 2‰ and + 2‰, close to seawater values (IAEA 1992).
Based on regional speleothem studies however, calcitic
meteoric cements with δ18O values between − 12‰ and
− 4‰ are common during interglacial periods, when the
intertropical convergence zone shifts northward,
Fig. 15 Images of core from
borehole 3. a Bivalve molds (red
arrows) in rock from 110.25 mbs.
b Thin-section image of a
packstone from 114.73 mbs
showing the benthic foraminifer
Rotalia sp. (RF), the agglutinated
foraminifer Valvulinerid sp. (VF),
as well as small miliolids (ML). c
Thin-section image of a
packstone from 108.05 mbs
showing bivalves (BV),
gastropods (GAS), dasyclad
green algae (Clypeina sp.) (DC),
and a textularia foraminifer (TX).
d Fine sand composed of
dolomite crystals at 79.0 mbs. e
Thin section of fossil molds in
dolomitized rocks from 69.4 mbs
interpreted to form from
dissolution of large benthic
foraminifera tests. f Fractured and
brecciated rock at 51.0 mbs
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bringing more depleted monsoonal waters to the region
(Fleitmann et al. 2004). A northward shift of the inter-
tropical convergence zone has been inferred during the
Middle Eocene based on studies of eolian sediment in
cores recovered from the northern Pacific Ocean (Pettke
et al. 2002).
The positive correlation observed between δ13C and
δ18O for calcites in this study seems to be reflective of
the degree of alteration. Calcitic rocks with the most
negative δ13C and δ18O values are commonly those
that display coarse recrystallization (e.g., sample in
Fig. 12b had measured δ13C and δ18O values of − 8.6
and − 10.4, respectively). The neomorphosed rocks that
retained their depositional textures are commonly less
negative (e.g., sample in Fig. 12c had measured δ13C
and δ18O of – 6.1 and − 8.6). Therefore, the positive
isotope trend could reflect the degree of rock-water
interaction, with coarsely-crystalline rocks having
grea te r in te rac t ion wi th meteor ic wate rs , and
neomorphosed rocks having less, retaining a greater
portion of their isotopic composition from that prior
to exposure. Alternatively, the trend could reflect the
mixing of marine and meteoric waters below exposure
surfaces (James and Choquette 1990) with more marine
waters having higher δ18O values and less soil-derived
carbon. Although a complete paragenetic sequence was
not undertaken for this study, it is clear from petro-
graphic relationships that the recrystallization of these
rocks is multi-generational, with examples of recrystal-
lized limestones having been dolomitized (Fig. 19a)
and dolomitized rocks undergoing calci t izat ion
(Fig. 19b).
Four samples of silicified carbonate rocks were cho-
sen for δ18O analyses (Appendix 2), including the
decimeter-thick silicified interval in the UER of bore-
hole 1 (Fig. 9). A similar chert bed was found in the
UER of boreholes 2 and 3 (Fig. 13e). Samples of chert
from the Dammam Formation of borehole 3 were also
Fig. 16 Images of core from
borehole 3. a Thin section
showing small benthic
foraminifera fossils in
dolomitized rocks from 33.6 mbs
including rotalid (RF) and
miliolid types (ML). b Image of
core from 19.5 mbs showing
interpreted erosional surfaces
(ES), mud cracks (MC), and mud
clasts (MCL). c Thin-section
image of interpreted packstone at
18.6 mbs rich in miliolid
foraminifers (MF). d Thin-section
image of dolomitic rocks
containing clay coatings
(argillans; red arrows) from
11.3 mbs. e Thin-section image of
a recrystallized limestone from
17.0 mbs showing radiating
microcodium textures (M). White
crystals are of chert. f Thin-
section image of rock from
5.47 mbs showing large benthic
foraminifers including
Nummulites sp. (N), Alveolina sp.
(AV), and Coskinolina sp. (CK)
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analyzed. δ18O of all chert samples varied between −
2.2‰ and − 11.7‰, similar in spread to that of lime-
stones described above (− 5‰ to − 12‰), implying that
the chert also formed in meteoric waters. This is sup-
ported by the commonly observed association between
paleosol formation and chert presence in many Rus
Formation and Dammam Formation rocks (Fig. 16e). It
is also supported by isotopic studies of chert by Knauth
and Epstein (1976), which indicate that, assuming near-
surface temperatures of precipitation (20–40 °C), waters
forming the chert would be between 0‰ and − 12‰
SMOW, pointing to a meteoric origin (e.g., Gao and
Land 1991).
Sequence stratigraphic correlation
With respect to sequence stratigraphy (Van Wagoner
et al. 1988), the UER, Rus, and Dammam Formations
all fall within Arabian Plate Megasequence 10 (AP10)
of Sharland et al. (2001), which is bounded by a basal
hiatal surface capping the underlying Cretaceous
deposits and a capping hiatal surface above by the
Dammam Formation. Sharland et al. (2001) identified
two major flooding surfaces within AP10, one at the
base of the UER Formation (Pg10 MFS), which was
not penetrated by any of the boreholes in this study,
and one in the Midra Shale Member of the Dammam
Formation (Pg20 MFS) (Figs. 4 and 20). Whereas
Sharland et al. (2001) did not assign sequence strati-
graphic orders to these surfaces, using their interpreta-
tion AP10 includes two major sequences, which are
herein designated as sequences PG10 and PG20. The
sequence boundary below the Midra Shale Member
that divides PG10 and PG20 was not assigned by
Sharland et al. (2001). Two candidates for this
bounding unconformity are found within the cored
Fig. 17 Cross-plot of whole-rock
δ18O and δ13C measurements on
carbonate rocks from this study as
a function of a core number and
formation and b Bdominant^
carbonate mineralogy, as defined
by having greater than 95% either
calcite or dolomite based on XRD
or by observation using nearest
thin section. Samples with greater
than 5% of both dolomite and
calcite are also plotted as Bmixed
carbonate.^ Fields for Eocene
rock interpreted to have been
dolomitized in Bnormal marine^
water during the Miocene by
Saller (1984) are shown in gray
box. Isotopic fields of Holail et al.
(2005) for the Qatar Dammam
Formation are shown with red
ovals
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interval, both associated with the Rus Formation (Al
Khor Member). The first is represented by highly re-
crystallized rocks bearing microcodium textures
(Fig. 12a, b) at a depth of 24 mbs in borehole 1
(Fig. 5) and the second being similarly altered rocks
capping the Rus Formation at 14.8 mbs in borehole 1.
Both surfaces can be correlated to boreholes 2 and 3,
being assigned above similarly altered rocks (Fig. 20).
Because the exposure-related alteration of the lower
candidate appears more penetrative in all wells based
both on core observations and the depth of the associ-
ated δ13C deflection, it is interpreted that this repre-
sents the more significant hiatus and by inference the
most basinward shift in relative sea level. A designa-
tion of this surface as Pg20 SB is therefore assigned
(Fig. 20). If this is correct, the interval of the UER
Formation penetrated by the three boreholes in this
study represents the transgressive/early highstand de-
posits of the PG10 Sequence. The Rus Formation rep-
resents both the late highstand of the PG10, as well as
the lowstand (represented as exposure) and early trans-
gressive of the PG20 Sequence. Whereas the Dammam
Formation represents the late transgressive and
highstand of the PG20 Sequence. This is broadly
reflected in the facies tracts, with the UER and
Dammam Formations being formed of mostly open
ramp deposits (times of high accommodation) and the
Rus Formations being rich in protected-lagoonal and
tidal flat-deposits (times of low accommodation)
(Figs. 5, 6, and 7).
Due to obliterative dolomitization, as well as recrys-
tallization and karstification during meteoric diagene-
sis, a highly detailed sequence stratigraphic interpreta-
tion of these strata is not possible. Candidates for
higher-order sequence boundaries (inferred exposure
surfaces representing unconformities that can be corre-
lated across the cored intervals) can be offered using
the lithostratigraphic observations in concert with bulk
stable isotopic trends. Surfaces that top the UER and
Rus Formations both show evidence of disconformity
(e.g., brecciation, fracture, erosion, recrystallization,
and cementat ion related to meteoric exposure;
Figs. 10c, 13b, 14a, and 15f) in all cores. Therefore,
these surfaces are interpreted to represent higher-order
sequence boundaries relative to Pg20 SB (Fig. 20). In
general, the UER Formation is highly altered by oblit-
erative dolomitization, and so assignment of sequence
boundaries within the formation carries more uncertain-
ty. One conspicuous feature observed in the UER
Formation in all boreholes is a decimeter-thick interval
of chert (Figs. 9 and 13e). This bed was recognized by
Eccleston et al. (1981) as being continuous and map-
pable across eastern and southern Qatar. In the Rus
Formation, replacive chert crystals are very commonly
found in association with diagenetic calcites interpreted
to have formed during meteoric exposure (Fig. 16e).
Additionally, isotopic analyses of the chert bed indicate
that it formed in meteoric waters. We therefore specu-
late the continuous chert horizon was precipitated in
association with a paleo-water table, which was
established prior to the coarse dolomitization of UER
rocks based on the retention of skeletal ghosts (Fig. 9).
If it is assumed that the chert bed represents an orig-
inally relatively-flat water table that mimicked a related
exposure surface above, it is useful as a stratigraphic
indicator and guide for purposes of correlation. The
depth of the chert layer is shown in Fig. 20 for all
boreholes. An associated exposure surface above the
chert bed is picked based mostly on δ13C deflection
(informally designated Intra UER SB (2)). Finally,
Fig. 18 a Image of whole core (borehole 1, 9.8–14.3 mbs) showing
members of the Dammam Formation. Red lines denote contacts
between members. Locations of images b–d are shown on whole core
image. b Whole-core image of contact between Rujm Aid Member and
theMidra ShaleMember. Arrows point to erosive and karstified contact. c
Split-core image from at 13.4 mbs showing distinctive brown-flecked
carbonate of the Midra Shale Member. d Image of contact in split-core
between the Midra Shale and the Alveolina Members. Arrows point to
Alveolina sp. benthic foraminifera. Contact is erosive and karstified
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Intra UER SB (1) was inferred based on the occurrence
of a blackened and brecciated interval in borehole 2 at
99.7 mbs, which is interpreted to indicate exposure,
and across which a facies change is perhaps observed
(Fig. 7). This surface is tentatively correlated to bore-
hole 3 based on δ13C deflection. An equivalent surface
is not observed in borehole 1 and so interpreted to fall
below the penetrated interval.
Controls on aquifer flow and storage
properties
Figure 21 shows porosity and permeability plots for
plugs taken from cores of boreholes 1, 2, and 3. The
poro-perm clouds for rocks from each borehole gen-
erally overly (Fig. 21a), with porosities ranging from
less than 5% to greater than 45%, and permeabilities
from 0.01 mD to greater than 1000 mD. Plotted by
formation (Fig. 21b) demonstrates that the Dammam
Formation typically has relatively low porosities (less
than 20%) and very low permeabilities (less than
1 mD). The UER and Rus Formations are much more
variable but generally show porosities of greater than
10% and permeabilities greater than 1 mD. An exam-
ination of poro-perm distribution as a function of
dominant mineralogy is more revealing (Fig. 21c).
Calcitic rocks (which are common in the Dammam
Formation) typically show low porosity (< 20%) and
permeability (< 1 mD). Petrographically, this is ex-
plained by two observations. First, in rocks that have
undergone significant recrystallization by meteoric
diagenesis (microcodium-bearing rocks), the fabric is
that of coarse interlocking crystals, with vugs being
filled by clay (Figs. 12b and 16e). These diagenetic
crystals show no petrographic evidence of micropores
such as blue haze, and so, most samples fall below
the global microporosity trend of Fullmer et al.
(2014) and Kaczmarek et al. (2015). In some cases,
associated vugs are not filled with clay, and these
samples show elevated permeabilities (> 100 mD) but
low porosities (< 10%). Second, where depositional
fabric is retained, calcitic rocks are invariably mud-
bearing (typically packstones) (Figs. 5, 6, and 7), and
the depositional matrix precludes significant macro-
porosity development.
Dolomitic rocks have generally higher but more var-
iable porosities and permeabilities than the limestones.
In cases where these rocks are relatively clay-free, they
display a between-crystal pore system (e.g., Fig. 8c)
with poro-perm ranges that generally fall above the
global microporosity trend (Fig. 21c). When clay con-
tent of dolomite reaches greater than ~ 3% (based on
XRD), the clay effectively occludes the pore throats
(e.g., Fig. 8b) and the poro-perm generally falls on
or below the microporosity line. Dolomite crystal size
does not play an obvious role in determining aquifer
quality in these rocks. For instance, in the UER for-
mation of borehole 1, observed dolomite crystal size
generally correlates poorly with measured porosity
and permeability trends (Fig. 5); however, permeability
can be observed to lower in intervals where clay con-
tent increases.
Discussion
If the sequence stratigraphic correlation is correct, it
indicates a significant thickening of the UER strata to-
ward the south of Qatar. Such an interpretation is sup-
ported by regional paleo-environmental maps (Fig. 22)
(Tai et al. 2016) that point to the existence of a Late
Paleocene basin immediately south of Qatar, which was
only connected to the Zagros foreland basin in the north
Fig. 19 aGhosts of microcodium structures (red arrows) in a dolomitized
rock from the UmmBab Member of the Dammam Formation taken from
a cave near borehole 1 location. b Example of calcitization of dolomitized
rocks. Calcite is stained with alizaran red. Rims of dolomite rhombs (red
arrow) are still present (unstained). Arrow at the base of image shows
dolomite rim being replaced by calcite. Many of the stained calcite
crystals also retain rhombic shapes of the dolomite precursor mineral
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by a narrow seaway. Further support for increased ac-
commodation south of Qatar during the Early Eocene
comes from the observation that the Rus Formation also
thickens significantly in that direction (Eccleston et al.
1981). The observation that the Traina Member of the
Rus Formation is gypsum-bearing in southern Qatar, but
not to the north, argues both for the existence of sepa-
rate basins, and for the southern basin being more
restricted.
Rivers and Larson (2018) concluded that a
northward-opening BV -^shaped structure in southwest
Qatar, defined by the presence of the Miocene Dam
Formation and the Pliocene Hofuf Formation (Figs. 2
and 3), was the product of activation and reactivation
of high-angle normal faults during the Neogene. A
similar northward-opening BV -^shaped escarpment in
central Qatar (Fig. 1b) is inferred to be genetically
related to the structures in the southwest and likely
reflects the presence of similar high-angle normal
faults. The location of this central escarpment con-
forms well to the contact in the Rus Formation
(Traina Member) between gypsum-bearing rocks to
the south and gypsum-free equivalents to the north
observed by Eccleston et al. (1981), implying that such
Fig. 20 Sequence stratigraphic correlation using cores from boreholes 1, 2, and 3 (see text). Core descriptions are hung relative to top-borehole elevation.
PG10 and PG20 are sequences designated within the AP10 megasequence of Sharland et al. (2001). amsl: above mean sea level
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faults were active in the Eocene, and linked to the
topographic high separating the basins. The presence
of such a reactivating fault systems was also concluded
by Abu-Zeid (1991).
Bearing this model in mind, some additional obser-
vations in the three boreholes may be explained. First,
in the Traina Member of the Rus Formation, the rocks
of boreholes 2 and 3 are largely dolomites with only
minor secondary clay minerals, whereas bedded clay
deposits are observed in the Traina Member of bore-
hole 1 (Figs. 5, 6, and 7). The implication is that the
source of the clay-rich detritus to the south, perhaps
reflecting the presence of low-gradient rivers at the
margins of the restricted southern basin. Deposits of
the overlying Al Khor Member are clay-bearing in all
boreholes, indicating that the southern restricted basin
had filled accommodation by that point, and clay-rich
near-shore deposits (muddy tidal flats) could prograde
across northern Qatar from the south. That stated, the
best-developed and thickest tidal flat facies of the three
boreholes are observed in the Al Khor Member of
borehole 2. The Al Khor Member in boreholes 1 and
3 displays greater percentages of subtidal deposits.
Therefore, the borehole 2 area may have remained a
subtle high during late Rus Formation time. Rus
Formation deposits in eastern Saudi Arabia contain
Bgreen shale^ (Powers et al. 1966), perhaps indicating
the siliciclastic source is associated with the Red Sea
uplift.
It is interesting to note that open-marine facies are
observed throughout the Dammam Formation at all lo-
cations. In spite of this, at least two intra-formational
karstified surfaces have been recognized. The first is
above the Rujm Aid Member (Fig. 18b), and the sec-
ond is above the Midra Shale Member (Fig. 18d). To
the north (borehole 3), these members, along with the
Alveolina Member, all of which are assumed to have
been widely deposited given their depositional facies,
were apparently eroded prior to the deposition of the
Umm Bab Member. These observations point toward
repeated cycles of meteoric exposure with related
karstification and erosion, and significant marine re-
inundation during the Middle Eocene. The eustatic
sea-level curve for the time interval of the Dammam
Formation would not seem to vary enough to explain
this pattern (Al-Saad 2005). It is therefore considered
likely that regional or local tectonic uplift and subsi-
dence, presumably associated with early Zagros forma-
tion, was an important control on both depositional
settings and post-depositional removal of the Middle
Eocene rock record of Qatar, with increased erosion
focused to the north. Understanding the links between
the Zagros uplift, with its associated forebulge dynam-
ics, and the nature and thickness of the Cenozoic de-
posits of Qatar is a subject ripe for future research,
with potential to significantly aid understanding of car-
bonate deposits formed in similar foreland basins of
the ancient past.
Finally, based on the observations discussed above,
and assuming the N-S cross-sectional line shown on
Fig. 1a, conceptual (not to scale) tectono-stratigraphic
model for Cenozoic rocks of Qatar can be offered
(Fig. 23a, b). The model assumes the presence of a
foreland basin to the north, associated with early
Zagros uplift (Marzouk and El Sattar 1994; Glennie
et al. 1990) and a fault-bounded platform interior basin
to the south (Fig. 22a) (Tai et al. 2016). The model
begins with time step 1 (Fig. 23a), deposition of infor-
mal Member C of the UER Formation in the Early
Eocene, with Members A and B (Boukhary et al.
Fig. 21 Porosity-permeability plots for 2-in. plugs taken at ~ 0.75 m
intervals for all cores (n = 256) where rock competency allowed. a
Measurements delineated by borehole. b Measurements delineated by
formation. c Measurements delineated by dominant mineralogy (low-
Mg calcite vs dolomite) and by the presence of clay in dolomitized
rocks (clay content greater than 3% based on XRD). The red line (MP)
represents the global microporosity trend for limestones from Fullmer
et al. (2014) and Kaczmarek et al. (2015)
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Fig. 22 Paleomaps showing depositional environments of the Arabian
plate during a the Late Paleocene and b the Middle Eocene (Tai et al.
2016). During deposition of the of the UER Formation and Rus
Formation, a separate and more restricted basin developed in southern
Qatar, as well as eastern Saudi Arabian and in the United Arab Emirates
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2011) shown underlying. Although the paleontological
evidence is limited in the UER Formation of borehole
2, what is available (Fig. 13a) indicates open marine
conditions in the elevated area between the basins.
Therefore, the basins are assumed to be connected at
this time. Time step 2 (Fig. 23a) shows the deposition
of the Rus Formation, Traina Member, with separation
between the northern and southern basins, at least dur-
ing low-stands, and the formation of bedded gypsum
deposits to the south and less-restricted shallow
subtidal deposits to the north. During time step 3
(Fig. 23a), deposition of the Al Khor Member oc-
curred. The southern basin accommodation was filled,
and shallow subtidal and tidal-flat environments with
land-derived clays migrated across Qatar from the
south. Extended exposure occurred both during and at
the end of Al Khor Member deposition. Significant
transgressions occurred during the deposition of
Fig. 23 a Tectono-stratigraphic model for Cenozoic rocks of Qatar based on regional and core-based observations, time steps 1–4 (see text). b Tectono-
stratigraphic model for Cenozoic rocks for Qatar based on regional and core-based observations, time steps 5–7 (see text)
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Dammam Formation (time step 4; Fig.23a) with open marine
settings widespread across Qatar. Such inundations were
interrupted by periods of exposure and karstification, likely relat-
ed to tectonic uplift. Time step 5 (Fig. 23b) depicts the regional
tilting associated with late Oligocene flexure (Van Buchem et al.
2014). This was a long period of exposure and karstification.
During time step 6 (Fig. 23b), Miocene-age extension occurred,
likely reactivating faults along themargin of the southern Eocene
basin (Rivers and Larson 2018). Restricted marine deposits
formed in narrow seaways (Dill et al. 2005) that opened in south-
western Qatar (Dam Formation). Offshore, North of Qatar, Dam
Formation deposits unconformably onlap the underlying
Dammam Formation (Van Buchem et al. 2014) and likely rep-
resent open marine deposits in the Zagros foreland basin at that
time. Finally (time step 7; Fig.23b), recent compression has re-
sulted in throw-reversal of Eocene-age basin-bounding faults, the
uplift of the restricted Dam Formation, as well as the overlying
Hofuf Formation (Rivers and Larson 2018), and formation of the
central Qatar escarpment (Fig. 1).
Conclusions
Paleogene-age rocks of the Umm er Radhuma, Rus, and
Dammam Formations form the near-surface aquifer rocks of
Qatar. Rocks of the Umm er Radhuma Formation and the Rus
Formation (Traina Member) were deposited in northern and
southern basinal areas, separated by a fault-controlled
Fig. 23 (continued)
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topographic high located in central Qatar. The southern basinwas
affected by input of fine siliciclastic sediment during deposition
of the Rus Formation, TrainaMember (Ypresian Stage), and was
more restricted, resulting in gypsum precipitation from seawater
concentrated by evaporation. At the same time, more normal
marine depositional settings formed to the north, and carbonate
deposits predominated. During deposition of the Al Khor
Member of the Rus formation (Ypresian Stage), and of the
Dammam Formation in general (Lutetian to Priabonian
Stages), the basins were apparently connected, with restricted
(Rus Formation) to open marine (Dammam Formation) depo-
sition occurring across Qatar. Following extended
Oligocene exposure, faults active during deposition of
the Eocene strata were likely reactivated, both creating
accommodation for Miocene deposits to the south (Dam
Formation) and causing their subsequent uplift. Such
structural reactivation also resulted in the formation of
a prominent BV -^shaped escarpment in central Qatar.
The connectivity, flow, and storage characteristics of
Qatar near-surface aquifer rocks are in large part a func-
tion of their mineralogical makeup, the variability of
which can be explained in context of sequence strati-
graphic concepts and understanding of structural history.
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